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Understanding population demographics requires an understanding of a multitude 
of factors, both extrinsic and intrinsic, that are important for reproduction, recruitment, 
and survival (Caughley and Krebs 1983; Clutton-Brock and Pemberton 2004).  
Nonetheless, physiological mechanisms underpinning reproduction, recruitment, and 
survival are often overlooked and only recently are being addressed to understand the 
root cause of demographic trends.  In wildlife populations, fitness is measured in terms of 
reproductive success (Sinclair et al. 2006), which is often manifested in population 
growth.  Concerns arise when population counts reveal a declining trend without apparent 
cause.  In south central Alaska, anecdotal evidence based on flight surveys of Dall sheep 
(Ovis dalli dalli) suggested a population decline since the mid-1990s (Coltrane 2011).  
This population decline is what prompted our study.   
 Dall sheep are an important source of revenue in the state of Alaska for both 
consumptive and non-consumptive use, however little research has been done on Dall 
sheep populations in south central Alaska over the last 25 years.  Reviewing flight survey 
data between 1976 and 2013 in game management unit 14C (GMU 14C; courtesy Alaska 
Department of Fish and Game) suggested an increase in Dall sheep populations, peaking 
in 1996, and then a gradual decline.  My objective was to determine potential extrinsic 
causalities for the population trend and link physiological health with expressed trends in 
pregnancy rates.  In chapter 1, I focused on one game management unit (GMU 14C) in 
south central Alaska and in chapter 2, I studied 2 game management units (GMU 14C 
and GMU 13D) in south central Alaska.  Both chapters involved capture work in 2012 
and 2013.  Pregnancy, parturition, and survival rates were evaluated through capture 
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work done in GMU 14C and GMU 13D.  Adult female Dall sheep were captured between 
mid-March and mid-April and fitted with VHF radio collars.  We collected blood 
samples, hair samples (2013 only), assessed body condition, and determined age.  
Pregnancy was determined from blood collected from captured individuals (Keech et al. 
2000; Noyes et al. 1997; Stewart et al. 2005).  During parturition from early May to mid-
June, collared females were monitored by air to observe neonates.  Neonates were 
captured on foot, fitted with VHF radio collars, weighed, and sex and age were 
determined.  Both collared adults and juveniles were monitored throughout the duration 
of the study to determine survival and cause of mortality. 
 In chapter 1, I investigated specific demographic trends on pregnancy, parturition, 
and adult and juvenile survival rates and the relationship between extrinsic variables 
(weather and plant productivity) and reproductive output in GMU 14C. Pregnancy, 
parturition, and survival rates were determined from capture work in 2012 and 2013.  
Cause of mortality for both adults and juveniles was determined from field work.  I used 
juvenile to adult female (age) ratios from flight survey data as an indicator of 
reproductive output.   I used growing season length, onset, precipitation, length of winter, 
cumulated snowfall, and winter temperature variance to predict reproductive output.  I 
used normalized difference vegetation index (NDVI) data, an indicator of plant 
productivity, to detect relationships between plant productivity variables and reproductive 
output (Pettorelli et al. 2005). 
 Pregnancy rates were 0.45 and 0.93 in 2012 and 2013, respectively.  Parturition 
rates were 0.73 and 0.64 in 2012 and 2013, respectively and survival rates were 0.91 and 
0.73 in 2012 and 2013, respectively.  Leading causes of adult mortality were 40% 
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avalanche and 40% predation.  Juvenile survival rates were 0.59 and 0.44 in 2012 and 
2013 respectively.  The leading cause of mortality (79%) was predation.  Late onset of 
the growing season and winter length had negative effects on reproductive output (i.e. 
fewer young relative to females).  There was marginal support for growing season length 
(positive) and cumulative snowfall (negative).  There was also marginal support for the 
effects of NDVI variables growth onset (negative), peak NDVI (positive), and peak date 
(positive) on reproductive output.   
 In chapter 2, I investigated relationships between physiological health and 
reproduction.  I was specifically interested in how reproductive efforts affect components 
of immune function and how cortisol levels, and indicator of chronic stress, affect 
reproduction.  I focused on the constitutive branch of the immune system – specifically 
bacteria killing ability and the inflammatory response.  Bacteria killing ability was 
evaluated using the bacteria killing assay (French et al. 2010; Demas et al. 2011; 
Tieleman et al. 2005; Zysling et al. 2009).  I used haptoglobin levels to evaluate the 
inflammatory response using a haptoglobin assay (Matson et al. 2012; Versteegh et al. 
2012). Cortisol was quantified from the hair samples collected in 2013 (Davenport et al. 
2006; Koren et al. 2002). 
 I did not detect an effect of pregnancy on bacteria killing ability to inflammatory 
response in the 2012 data.  Nonetheless, when pregnancy status was paired with study 
site, there was a negative effect on bacteria killing ability in 2013; however study site was 
the main driver of that equation.  Study site was also the predictor variable for 
inflammatory response in 2013.  These results suggest extrinsic factors are playing a 
greater role in constitutive immunocompetence. I observed no relationship between 
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cortisol and pregnancy; however I observed marginal support for a negative relationship 
between maternal cortisol and birth weights of neonates.   
Understanding demographic processes is critical to set appropriate harvest 
regulations or to pinpoint where restoration efforts would be most effective.  I 
demonstrated the ability to detect relationships between weather and reproductive output 
using survey data.  Study site was the best predictor variable for immunocompetence, 
indicating external pressures, such as weather, forage availability, or pathogen presence, 
likely influenced physiological functions.  Physiological health is traditionally viewed in 
terms of pregnancy and survival rates but those metrics do not describe mechanisms 
underpinning changes in population demographics. Understanding the role of cortisol and 
immune function can help answer questions regarding population trends.  Applying 
modern analytical methods to historic and current data can inform comparisons with 
current and future datasets, and improve understanding of contemporary demographic 
trends. 
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Understanding population demographics requires an understanding of a multitude 
of factors, both extrinsic and intrinsic, that are important for reproduction, recruitment, 
and mortality.  Seasonality and weather variables within seasons are external factors that 
can affect intrinsic responses, such as pregnancy rates, through changes in forage quality 
and availability.  Anecdotal evidence based on flight surveys between 1976 and 2013 
have suggested an increase in Dall sheep (Ovis dalli dalli) populations in south central 
Alaska and then a gradual decline without obvious cause.  We focused on one game 
management unit in the Chugach Range in south central Alaska and attempted to explain 
the survey observations by relating juvenile to adult female ratios with weather data and 
normalized difference vegetation index (NDVI) as an indication of forage availability.  
We investigated how growing season length and onset, winter length, and cumulative 
snowfall (indicator for snow depth) affected juvenile to adult female (age) ratios.   Onset 
of the growing season and winter length had a negative effect on age ratios, indicating 
late growing seasons and long winters resulted in fewer young on the landscape relative 
to adult females.  We observed no effect of our NDVI variables on age ratios.  Applying 
modern analytical methods to historic data can inform comparisons with current and 
future datasets, and improve understanding of contemporary demographic trends. 
KEY WORDS: Dall sheep, forage, growing season, NDVI, Ovis dalli dalli, population 
dynamics, reproduction, weather  
INTRODUCTION 
Extrinsic and intrinsic factors affect reproduction, recruitment, mortality, and 
drive changes in population dynamics (Caughley and Krebs 1983; Clutton-Brock and 
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Pemberton 2004; Hairston et al.1960; MacArthur 1958; Volterra 1926).  Effects of these 
factors on demographic processes are not always obvious, and may interact with one 
another resulting in population increases or declines.  Seasonality and stochastic variation 
in weather, such as length of winter or precipitation during the growing season, are 
external factors that can affect intrinsic responses, such as changes in pregnancy rates, 
through changes in forage quality and availability.   
Large, mammalian herbivores in highly seasonal environments tend to be at least 
partially capital breeders that rely on nutritional resources acquired during the growing 
season to help support energetic demands during winter and throughout gestation 
(Barboza et al. 2009; Cook et al. 2004; Festa-Bianchet et al. 1996; Gaillard et al. 2000; 
Mautz 1978; McCullough and Ullrey 1983).  If the growing season is poor or population 
density is high relative to available forage, females often trade-off current reproduction 
for future reproduction to ensure survival through winter (Morano et al. 2013; Stewart et 
al. 2005). During winter, nutritional reserves are supplemented by winter forage, but 
winter forage is often low quality, sparse, and sometimes unavailable, especially if buried 
under snow and ice (Goodson et al. 1991; Mautz 1978; Parker et al. 2009).  Morano et al. 
(2013) documented that female North American elk (Cervus elaphus) above a critical 
threshold of body condition reproduced in consecutive years regardless of whether they 
had recruited an offspring the previous year.  Previous studies have also reported that 
maternal investment in current offspring and environmental conditions at birth affect 
future reproductive success (Hamel et al. 2010; McCullough 1979; Montieth et al. 2009; 
Parker et al. 2009).  Winter weather may directly influence population numbers.  Long 
winters may reduce survival of adults or juveniles and result in decreased recruitment.  
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Indeed, most of the mortality occurs during years when snowmelt is late in the season 
when animals are at their lowest body condition and spring forage fails to arrive in time 
(Dumont et al. 2000; Jacobson et al. 2004; Mautz 1978).  Deep snow and freeze-thaw 
cycles hinder mobility and increase energetic costs (Coady 1974; Fancy and White 1985; 
Parker et al. 1984; Telfer 1978; Wallmo and Gill 1971), as well as reduce access to 
forage (Goodson et al. 1991; Parker et al. 1984).   
During green-up, plants provide highly nutritious and palatable forage relative to 
later in the growing season when nutritional value and digestibility decline (Albon and 
Langvatn 1992; Klein 1990; Van Soest 1982).  For large herbivores living in seasonal 
environments, parturition is synchronized with spring green-up to take advantage of the 
high quality forage (Bunnell 1980; Festa-Bianchet 1988; Geist 1971; Rachlow and 
Bowyer 1991; Rutberg 1987).  A mismatch in timing of plant phenological stages and 
life-history traits of ungulates can lead to poor juvenile survival, low rates of pregnancy, 
and reduced recruitment rates because of inadequate forage (Pettorelli et al. 2007; Post 
and Forchhammer 2008; Post et al. 2008 ).  An early spring could result in a truncated 
period of overlap between quality forage and the demands of lactation, leaving the female 
to meet the demands of rearing young on vegetation past its prime.  If spring arrives late, 
females must rely on energetic reserves to meet the demands of lactation.  Either scenario 
results in young unable to put on enough fat reserves to survive the following winter or 
make them more susceptible to predation.  If females are not able to acquire enough fat 
reserves going into the following breeding season, especially those rearing young, 
reproduction may not be possible.   
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We used weather variables and plant productivity to examine population trends in 
Dall sheep (Ovis dalli dalli).  Winter snow, spring and summer precipitation, and 
temperature affect plant growth.  Winter weather factors such as snow depth and freeze-
thaw cycles can also have a direct influence on adult and juvenile survival.  Plant 
productivity during the growing season is critical for capital breeders such as Dall sheep.   
Anecdotal evidence from flight surveys in south central Alaska over the past 40 years has 
described an increase followed by decline in the population size without obvious cause 
(Fig. 1.1, courtesy Alaska Department of Fish and Game [ADFG].  Observations of 
recent weather events have suggested a negative relationship between winter severity and 
population size (Coltrane 2011).   
Our objective was to find variables explaining the population trend.  We 
investigated pregnancy, parturition, and survival rates from marked individuals and 
related juvenile to female (age) ratios based on the survey data to weather and plant 
productivity data (Pettorelli et al. 2005, 2007; Tucker and Sellers 1986).  We used age 
ratios as a crude indicator of reproductive effort and normalized difference vegetation 
index (NDVI) metrics as indicators of plant productivity (Pettorelli et al. 2005).  We 
hypothesized that the length and timing of the growing season affected age ratios.  We 
predicted that a short previous growing season and a late onset of the current growing 
season would have a negative effect on age ratios.  In addition, we predicted that juvenile 
to adult female ratios were positively correlated with NDVI metrics (onset of green-up, 
timing of peak green-up, the greenness value of peak green-up, and the length of green-
up).  We also hypothesized winter length, snow depth, and freeze-thaw cycles negatively 





We focused on one population in south central Alaska near Anchorage where Dall 
sheep were surveyed by air from 1976 to 2013 (Fig. 1.2).  The study population was 
entirely within ADFG’s game management unit 14C (hereafter GMU 14C) and 
population survey were systematically flown throughout the unit (Fig. 1.2).  Population 
counts steadily increased from about 1,000 animals in 1976 to about 2,500 in 1996 and 
then steadily declined back to 1,000 animals by 2013 (Fig. 1.1).  
 The capture area we used to address pregnancy, parturition, and survival rates in 
GMU 14C is comprised of 5 drainages and their surrounding ridges: Goat Creek, 
Eklutna, Peters Creek, Eagle River, and Ship Creek.  GMU 14C is bordered by 
Anchorage and the town of Eagle River to the west, the Knik arm and river to the north, 
and the Turnagain arm to the south.  The study area used for capture work was 
approximately 800 km
2
.  Annual average temperature was about 2.4°C, snowfall was 
189.23 cm, and precipitation was 41.91 cm.  Dominant vegetation varies with elevation 
from black spruce (Picea mariana) and alder (Alnus spp.) at lower elevations and 
transitioning to short alpine forbs (e.g. mountain avens, Dryas octopetala.) and grasses 
(e.g. alpine timothy, Phleum alpinum) at higher elevations.  Most of the sheep involved in 
the study resided between 914 m and 1,829 m in elevation.   
Field Methods 
We obtained survey data for the Dall sheep population in unit 14C from 1976 to 
2013 from ADFG.  Annual summer surveys were systematically flown by fixed-wing 
aircraft in most years, contingent on weather and funding.  Flights occurred after 
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parturition and sheep were classified by age and sex. Young rams look similar to females 
therefore the female category was listed as female-like.  
We captured 34 and 22 adult female Dall sheep in 2012 and 2013, respectively.  
We captured sheep using standard helicopter and netgun technique (Krausman et al. 
1985), and marked individuals with Telonics VHF radio telemetry collars. We attempted 
to recapture the same individuals each year.  Numbers of animals captured in both years, 
varied with accessibility of animals in difficult terrain.  During capture, we collected 
blood samples to test for pregnancy by testing for the presence of pregnancy specific 
protein B (Keech et al. 2000; Noyes et al. 1997; Stewart et al. 2005).  All radio tagged 
animals were monitored once to twice per week from March to early-May when 
parturition occurred.  We monitored females every day during the birthing season (~ May 
7 to June 10) to detect and capture neonates.  If we definitively identified a neonate with 
a PSPB non-tested female, we included that female in the pregnant population.  Neonates 
were captured on the ground on foot, collared with Telonics VHF radio collars, weighed 
(kg), and sex was determined.  Age in days was estimated based on umbilical cord 
presence and condition, pelage coloration, and mobility.  As neonates age the umbilical 
cord dries and usually has fallen off by 3 days of age.  At the time of birth, neonate 
pelage has a gray appearance and lightens with age.  In addition, Dall sheep neonates are 
precocial and quickly gain stability and mobility as days progress. We were often limited 
to capturing neonates between 0 and 5 days old because their mobility improved with 
age. 
We reduced monitoring to twice per week after June 10 until hunting season 
began on August 10.  We ceased monitoring sheep during hunting season (August 10- 
8 
 
October 10).  Following the cessation of hunting season, we used aerial flights to monitor 
VHF frequencies once per month from November through February to determine if 
mortalities had occurred. Potential mortalities were assessed from the ground as soon as 
possible based on accessibility, weather, and ground conditions (avalanche danger).  We 
assigned cause of mortality based on the condition and location of the carcass, definitive 
visual cues (e.g. witnessing the predation event), and physical evidence on and 
surrounding the carcass.  All aspects of this research were approved by the Institutional 
Animal Care and Use Committee at the University of Nevada Reno (Protocol 2012-
00542) and Alaska Department of Fish and Game (Protocols #2009-13 and  #2012-024).  
All methods were in keeping with protocols adopted by the American Society of 
Mammalogists for field research involving mammals (Sikes et al. 2011).   
Weather Data 
We obtained weather data from 1 January 1975 to 19 June 2013 from the Alaska 
Climate Research Center website (http://akclimate.org).  We used weather readings from 
the Anchorage International airport because it was the most consistently reliable weather 
source dating back to 1975 that was relatively near (~39km) our study site.  To account 
for length and timing of the growing season, we used average daily temperatures and 
degree growing days.  We determined the onset of the growing season to be the first day 
above 10°C (Cleland et al. 2007) and the length of the growing season was the number of 
days between the first and last growing day in autumn.   We also summed the number of 
degrees the daily average temperature was above 10°C for each year (degree growing 
days; Cleland et al. 2007).  We also included variables total spring and summer 
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precipitation (March 20 to September 21) and total spring precipitation (March 20 to June 
20) in our models. 
 We determined winter length to be the first 7 consecutive days at or below 
freezing (0°C) to the first 7 consecutive days above freezing after the first of March.  We 
used two approaches to account for snow depth; 1) we summed the total snow fall during 
winter and 2) the maximum snow depth measured (Table 1.1).  These methods, however, 
do not account for effects of wind on snowpack where sheep were located during winter. 
To calculate freeze-thaw events, we obtained daily maximum and minimum temperatures 
between December 21 and March 19 and totaled the number of times temperatures 
crossed 0°C. We also determined the date of the last discernable measurement of snow on 
the ground (greater than or equal to 2.54cm).   
Plant Productivity 
NDVI is used to detect plant growth and senescence based on the change in red to 
near-infrared reflectance (Pettorelli et al. 2005).  NDVI has proven to be a useful 
surrogate for plant productivity in multiple ecosystems (Kerr and Ostrovsky 2003, 
Pettorelli et al. 2005).  We gathered data for NDVI from the Moderate Resolution 
Imaging Spectroradiometer (MODIS) website (http://modis.gsfc.nasa.gov/) provided by 
NASA; which we used as an indicator of forage availability and plant productivity 
(Hebblewhite et al. 2008; Huete et al. 2002; Pettorelli et al. 2005, 2007).  Images were 
16-day composites at 500 m spatial resolution (Pettorelli et al. 2005).  The 16-day 
composites were ideal for obtaining NDVI data for our study site because this region of 
Alaska is known to have substantial cloud cover, which obscures reflectance.  We 
selected MODIS imagery because of the finer scale resolution.  We used MODIS 
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imagery from March through October from 2000 to 2013 because MODIS maps were 
only available from 2000 to present.   
Areas used by sheep were determined based on GPS locations of collared females 
during our neonate searches in 2012 and 2013 and subsequent summer flights. We 
clipped areas of use from each map using ArcGIS 10.1 (ESRI, Redlands, California, 
USA) and calculated weighted mean NDVI values by area.  An NDVI value of 0.09 is 
considered the threshold for detectable greenness by satellites, therefore onset of green-
up is estimated when NDVI values reached 0.09 in spring and senescence is the date 
when the NDVI value falls below 0.09 in autumn (Markon 2001).  We considered the 
temporal period between the spring and autumn thresholds as the length of growing 
season.  Because the NDVI values were based on 16-day composites, we estimated the 
dates of green-up and senescence by calculating the linear equation between the date 
preceding and the date following the 0.09 greenness threshold for spring and autumn 
(Pettorelli et al. 2007).  We obtained maximum greenness values and their corresponding 
Julian date, and recorded the average greenness from Julian dates 145 to 273 because all 
composites achieved greenness during this time period.   
Statistical Methods 
We had two sets of weather and NDVI data to assess age ratios.  One set was data 
from the year prior to the survey and second set was data from the year of the survey. 
Since winters overlap calendar years, they were designated by the year of onset.   For 
example, if a survey took place in 1990 the previous growing season length was data 
from 1989 while the survey year growing season length was from 1990.  Accordingly, 
11 
 
previous winter length would be the winter that began at the end of 1989 and extended 
into 1990.   
We used a Pearson’s correlation test to detect correlations among weather and 
NDVI variables (Proc Corr; SAS Inst. 2010).  When 2 variables were highly correlated 
(|r| > 0.70), we removed one of those highly correlated variables from our analyses; we 
retained the variable with the greatest influence on age ratios (Long et al. 2009, 2014; 
Stewart et al. 2002).   We removed the variable degree growing days because it was 
correlated with length of the growing season.  We removed maximum snow depth and 
last measureable snow depth because they were correlated with cumulative snowfall.  We 
also removed the survey year average NDVI value because it correlated with peak NDVI.  
See Table 1.1 for the complete list of variables used in our modeling. 
NDVI data was modeled separately from growing season related weather data 
because of the correlation between these variables and the disparate size difference of the 
datasets.  Weather data was available for the entire survey dataset but NDVI data was 
available going back to only 2000.  We had a spurious correlation between length of 
green-up from NDVI during the previous growing season and the peak NDVI value of 
the survey year.  Moreover, we were limited by degrees of freedom in the number 
variables we could use in our models since there were only 8 years in which we had 
MODIS and survey data (Table 1.1).  We included length of winter and spring 
precipitation in the NDVI analysis for juvenile to adult female ratios.  We used multiple 
regression to compare age ratios from the survey data with NDVI and weather variables 
(“lme4” package in R 2.15, R Foundation for statistical computing, Vienna, Austria).  We 
used a modeling approach to determine which growing season, winter season, and NDVI 
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variables best explained variation in age ratios using Akaike’s Information Criterion for 
small sample sizes (AICc; Burnham and Anderson 2010).    Models within 2 delta-AICc 
scores of each other were considered competitive and their coefficients were averaged 
(“MuMIn” package in R 2.15; Burnham and Anderson 2010).  We calculated 85% 
confidence intervals for coefficients to keep consistent with AIC model selection (Arnold 
2010). 
We used the general linear model in Program Mark’s (White and Burnham 1999) 
nest survival function to estimate radio tagged adult and juvenile annual survival in 2012 
and 2013 (Blomberg et al. 2014).  The nest survival function accounts for variation in 
telemetry monitoring frequency (Blomberg et al. 2014; Dinsmore et al. 2012; Hupp et al. 
2008; Mong and Sandercock 2007). We used the general linear model function in R 2.15 
to examine differences in pregnancy rates and adult and juvenile survival rates between 
years (Zar 2010).   
RESULTS 
Weather and Plant Productivity 
 We initially had 6 competitive weather data models predicting age ratios, however 
2 of the parameters (prevppt and spppt, Table 1.1) in our model averaging had 85% 
confidence intervals that overlapped 0, and were therefore uninformative and dropped 
from model selection. We were left with 4 competitive weather data models with 
explanatory power for age ratios (Table 1.2).  Model-averaged parameter estimates for 
previous growing season length, winter length, cumulative snowfall, and onset of growth 
during survey year differed from zero (Table 1.3, Fig. 1.3).  There was significant support 
for previous winter length and current year onset of plant growth.  Both of these 
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parameters had a negative effect on age ratios.  There was marginal support for previous 
growing season length (positive effect) and cumulative snowfall (negative effect).  Both 
parameters contributed to our overall competitive models.   
We had one top model relating plant productivity (NDVI) to age ratios (Table 
1.2), which happened to be our universal model.  We had marginal support for previous 
winter length (negative effect), NDVI onset of growth (negative effect), NDVI peak 
(positive effect), and peak date (positive effect; Table 1.3); however previous winter 
length was already supported in our weather-based models.  In our correlation test, onset 
of growth predicted by NDVI and onset predicted by weather data were highly correlated 
(r=0.84) and the onset of growth was supported by the weather-based data.   
Demographics 
 Female pregnancy rates were 0.45 in 2012 and 0.93 in 2013.  Pregnancy rates 
were significantly different between years (Z=3.48, P<0.01). Of the pregnant females, 
73.3% in 2012 and 64.3% in 2013 were observed with a live lamb and therefore 
determined parturient.  Adult female survival rate was estimated 0.91 in 2012 and 0.73 in 
2013 (Z=-2.01, P=0.04).  We observed only 2 adult mortalities in 2012; one was a 
predation event and the other by an avalanche.  We observed 8 adult mortalities in 2013; 
3 individuals died in avalanches, 3 predation mortalities, 1 suspected age-related 
mortality, and 1died during parturition.  Avalanches (40%) and predation (40%) were the 
primary causes of mortality.   
 Juvenile survival to one year was estimated 0.59 in 2012 and 0.44 in 2013.  Those 
rates did not differ between years (Z=-0.12, P=0.904).  The causes of mortality in 2012 
were 8 predation, 1 avalanche, and 1 drowned.  The causes of mortality in 2013 were 3 
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predation and 1 entrapment under an ice sheet.  Overall, predators were the leading cause 
of mortality (79%).   
DISCUSSION 
Timing of vegetative growth onset is critical to large herbivores residing in highly 
seasonal environments (Post and Forchhammer 2008; Pettorelli et al. 2007) because the 
transition from winter to spring is when large herbivores are at their lowest body 
condition (Mautz 1978) and when parturition occurs.  The onset of vegetative growth is 
when forage is at its most nutritional state (Albon and Langvatn 1992; Klein 1990; Van 
Soest 1982).  A delay in onset of the growing season may, therefore, result in females 
being unable to meet the costs of late gestation and lactation.  A mismatch between 
timing of parturition and the start of vegetative growth negatively affected production of 
young in caribou (Post and Forchhammer 2008), and juvenile survival in bighorn sheep 
and mountain goats (Pettorelli et al. 2007).   
Considering Dall sheep tend to be capital breeders it was surprising to find only 
marginal support for long growing seasons.  We would expect a long growing season to 
offer greater opportunity to regain nutritional losses that occurred the previous winter and 
help offset demands for females rearing young (Morano et al. 2013; Parker et al. 2009; 
Stewart et al. 2005).  A long growing season maximizes opportunities for females to 
acquire sufficient resources to not only survive, but potentially support gestation through 
the following winter, this effect is especially true of females already rearing young 
(Morano et al. 2013; Stewart et al. 2005).   
The lack of correlation between NDVI variables and age ratios was surprising 
given the strong correlation between onset of green-up predicted by NDVI and weather 
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data (r=0.84).  It is possible the short duration (8 years) of availability of MODIS data 
limited our power to detect relationships between NDVI and age ratios.  Pairing measures 
of plant productivity with direct information on reproductive output (e.g. pregnancy rates 
and juvenile survival) may provide better understanding of current population trends, 
especially pregnancy rates.   
We observed a negative impact of winter length on age ratios.    In other words, 
long winters resulted in fewer young on the landscape relative to females.  Long winters 
most often result in a late spring, delaying vegetative growth when animals are at their 
lowest body condition.  Long winters also leave more potential for late winter weather 
events that could disrupt parturition (Rachlow and Bowyer 1994). 
Previous studies on the effects of snow on ungulate movements reported snow 
depth to be the most important factor affecting energy expenditure during winter (Parker 
et al. 1984; Telfer 1978; Wallmo and Gill 1971).  Nevertheless, during winter, mountain 
sheep tend to remain in windswept areas where snow loading may be less of a factor than 
for other species of ungulates that remain at lower elevations (Buechner 1960; Seip and 
Bunnell 1985; Wood et al. 2010).  Wind speed and amount of disturbance of snow 
resulting from blowing wind may have an effect on forage availability, although those 
data were not available.  Sheep preference for windswept terrain during winter may also 
explain why we did not find a relationship between freeze-thaw cycles and age ratios.   
Pregnancy rates were higher in 2013 but survival was lower.  The difference in 
pregnancy rates suggests reproductive trade-offs.  Most mountain sheep research has 
reported pregnancy rates between 75% and 100% (Nichols and Bunnell 1999).  In large 
mammal populations that are not constrained by density dependence, pregnant females 
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generally outnumber non-pregnant females (Cook et al. 2004; Gaillard et al. 2000; 
Stewart et al. 2005). The fluctuation in pregnancy rates between 2012 and 2013 may be 
evidence of density dependence that occurs in a population close to carrying capacity.  
Several more years of data would be necessary to address this question in more detail.  
The additional deaths, relative to 2012, could be attributed to late winter weather events 
that occurred in 2013.  The two major causes of mortality in 2013 were avalanche and 
predation and most of these instances occurred in late winter and early spring.  In 2013 
we observed late winter storms which can account for the number of avalanche deaths. 
The increased snow depths and energy expenditure at a critical time when body condition 
is low may have made other individuals more susceptible to predation.  Nichols and 
Bunnell (1999) noticed Dall sheep populations fluctuate in southern Alaska with varying 
winter severity.   
Our juvenile survival fell in line with previous studies on Dall sheep reporting 
juvenile survival to one year between 12% and 68% (Arthur 2003; Scotton 1997; 
Simmons et al. 1984).  Most of the juvenile mortality we observed occurred within the 
first month of life which is common for mountain sheep (Nichols and Bunnell 1999).  We 
were unable to monitor females during parturition daily because of adverse weather 
conditions.  In 2013, we were especially restricted because of inclement weather, and 
when we were able to survey we observed many females had given birth in the midst of 
winter storms.   Females may have lost young during storms or to predation prior to our 
observations, possibly resulting in the perception of a reduced parturition rate.  Indeed, 
Arthur (2003) reported that accuracy of observations substantially decreased when daily 
flights were unavailable.  We had one female in particular that gave behavioral 
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indications that she had given birth, although we never observed a neonate with that 
individual.  That individual was not included in the parturition analysis since we could 
not definitively say she had a neonate.   
Understanding demographic processes is critical to set appropriate harvest 
regulations or to pinpoint where restoration efforts would be most effective.  We 
demonstrated the ability to detect relationships between weather and reproductive output 
using the age ratios from population survey data.  NDVI may be effective for 
understanding effects of growing season on recruitment of offspring, but more detailed 
data on survival and for longer duration is needed to further examine those relationships.  
NDVI may also be very useful in areas where weather data is poor or unavailable.  We 
observed the primary source of juvenile mortality was predation, but we were unable to 
determine if that mortality was additive or compensatory.  Given the variable pregnancy 
rates between years, continued data collection on pregnancy rates and recruitment in this 
population and correlating those data with growing season and stochastic variation in 
weather may provide a better understanding between measurable environmental factors 
and demographic trends. 
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TABLE 1.1.  Abbreviations and definitions of variables used in our analyses explaining 
Dall sheep juvenile to adult female ratios in Alaska game management unit 14C from 
1976 to 2013. 
Abbreviation Definition 
pglength Previous year growing season length 
prevppt Previous year spring and summer precipitation 
spppt Survey year spring precipitation 
gonset Survey year onset of growing season 
pNDVIlength Previous year growing season length per NDVI 
ppkNDVI Previous year peak NDVI value 
ppkdate Previous year peak NDVI Julian date 
pavgNDVI Previous year mean NDVI value 
NDVIonset Survey year onset of green-up 
pkNDVI Survey year peak NDVI value 
pkdate Survey year peak NDVI Julian date 
wlength Winter length prior to survey 
snow Total winter snowfall prior to survey 




TABLE 1.2. Most parsimonious models within 2 delta-AICc scores for weather and NDVI variable models predicting juvenile 
to adult female Dall sheep ratios in Alaska game management unit 14C from 1976 to 2003.  See Table 1 for variable 
definitions. 
Models DF logLik AICc ΔAICc Wi 
Weather Variables 
     
    wlength 3 47.5700 -88.2100 0.0000 0.3300 
    gonset+pglength+snow 5 50.3400 -88.1800 0.0300 0.3200 
    snow+wlength 4 48.3000 -87.0000 1.2100 0.1800 
    gonset+snow 4 48.2900 -86.9800 1.2300 0.1800 
NDVI Variables 
     





TABLE 1.3.  Model-averaged coefficients for the most parsimonious models within 2 
delta-AICc scores using weather variables to predict juvenile to adult female ratios in 
Alaska game management unit 14C from 1976 to 2003.  NDVI variables were modeled 
separately from weather-related growing season data.  NDVI model coefficient estimates 
are given for the single top model predicting juvenile to adult female ratios.  Significant 
variables are indicated in bold. 
Model Coefficients Estimate SE Adjusted SE z-value  Pr(>|z|)   
Weather Variables 
     
    pglength 0.0015 0.0008 0.0008 1.8600 0.0628 
    wlength -0.0010 0.0004 0.0005 2.1130 0.0346 
    snow -0.0004 0.0002 0.0002 1.6900 0.0910 
    gonset -0.0026 0.0011 0.0012 2.2290 0.0258 
NDVI 
   
t-value  Pr(>|t|)   
    pavgNDVI 0.1420 0.0461 n/a 3.0840 0.1996 
    wlength -0.0022 0.0002 n/a -11.7010 0.0543 
    spppt 0.0058 0.0013 n/a 4.4220 0.1416 
    NDVIonset -0.0034 0.0004 n/a -9.0750 0.0699 
    pkNDVI 1.0321 0.1171 n/a 8.8130 0.0719 








FIGURE 1.1.  Alaska Department of Fish and Game (ADFG) Dall sheep population survey data for game management unit 




FIGURE 1.2. Map of game management unit 14C in the Chugach Range, AK (courtesy of ADFG).  Dall sheep population 
surveys from 1976-2013 took place within the red outlined area.  2012-2013 capture work took place within the yellow shaded 




FIGURE 1.3.  Model averaged parameter estimates and 85% confidence intervals predicting Dall sheep age ratios from 1976 
to 2013 in Alaska game management unit 14C.  Parameters above the dashed line had positive effects on age ratios (more 
young relative to adult females) while parameters below the dashed line had a negative effects (few young relative to adults).  
Parameters wlength and gonset had a significant negative effect.  See Table 1 for parameter definitions.
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In wildlife populations, fitness is measured as progeny recruited into the breeding 
population. Many intrinsic and extrinsic variables affect an individual’s fitness such as 
nutritional condition, stress, weather, and forage availability. Dall sheep (Ovis dalli dalli) 
populations in south central Alaska have been declining for approximately 20 years. 
Recent research has indicated highly fluctuating pregnancy and parturition rates without 
obvious endogenous cause. We investigated intrinsic, physiological interactions to 
address questions about population dynamics.  Specifically, we asked how cortisol levels, 
an indicator of chronic stress, affect reproduction, and how reproductive effort affects 
components of immune function (bacteria killing ability and inflammatory response). 
Cortisol was extracted from hair samples collected from marked individuals and immune 
function was quantified from blood serum samples. We observed a negative relationship 
between pregnancy and bacterial killing ability. We did not observe a relationship 
between pregnancy and our inflammatory response variable haptoglobin.  There was no 
relationship between cortisol and pregnancy; however we observed marginal support for 
a negative relationship between maternal cortisol and neonate birth weights.  Low birth 
weight has been linked to low survival and poor future reproductive success relative to 
more robust individuals in the same cohort.  Study site played an important role in both 
complement activity and the inflammatory response for both populations in the study, 
indicating influence of external pressures on physiological responses.   
KEY WORDS: bacteria killing, cortisol, Dall sheep, haptoglobin, immune function, 





In wildlife populations, the number of progeny recruited into the breeding 
population is often measured to quantify reproductive success and thus fitness (Sinclair et 
al. 2006).  In large herbivores, trade-offs may occur between current and future 
reproduction, but generally not between reproduction and survival (Morano et al. 2013; 
Parker et al. 2009; Stearns 1992; Stewart et al. 2005).  Life-history traits that govern 
reproductive strategies should also be reflected in other physiological functions (Lee 
2008; Ricklefs and Wikelski 2002; Schmid-Hempel and Ebert 2003; Sheldon and 
Verhulst 1996; Tieleman et al. 2005; Versteegh et al. 2012). For instance, trade-offs 
between immune defense and reproduction were reflected in life-history traits of 
sparrows, such that individuals that laid small clutches invested more in immune function 
whereas those that laid large clutches invested less (Lee et al 2008; Martin et al. 2006).   
Mounting an immune response is an energetically demanding event (Lochmiller 
and Deerenberg 2000), thus nutritional resources used to maintain and mount an immune 
response limit resources available for other physiological processes including 
reproduction.  Since large herbivores do not trade-off survival, we would predict trade-
offs between other intrinsic physiological processes that enhance survival, such as 
between immune function and reproduction (Wobeser 2010).  Previous studies have 
observed a trade-off between reproductive state and immune function such that 
individuals committed to reproduction reduce immunological responses (Abrams and 
Miller 2011; Bonneaud et al. 2003; Martin et al. 2008).  
The immune system can be loosely divided into two branches: constitutive and 
induced (Schmid-Hempel and Ebert 2003).  The constitutive immune system is not 
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pathogen specific, always circulating in the blood stream, and the first to respond when a 
pathogen enters the body (Schmid-Hempel and Ebert 2003).  The induced immune 
response is activated when an immunological challenge is presented (Schmid-Hempel 
and Ebert 2003).   The branches are not entirely distinct from one another; there is a 
cascade of immunological responses that create a shift from strictly constitutive to 
induced responses.  We focused on two aspects of constitutive immunology: 
inflammation and bactericidal capacity.  The inflammatory response is composed of acute 
phase proteins that recruit cells and molecules to destroy pathogens (Dobryszycka 1997; 
Murphy et al. 2008; Matson et al. 2012).  Bactericidal capacity (i.e. bacteria killing 
ability) provides a broad assessment of host immune function (French et al. 2010). 
Immune function and reproduction, among many other physiological processes, 
are regulated by glucocorticoids (Cidlowski et al. 1996; Leonard and Song 2002; Martin 
2009; Norris 2007; Sapolsky et al. 2000; Weil and Nelson 2012; Weyts et al. 1998; 
Wiegers et al. 1993).  Glucocorticoids, such as cortisol, are referred to as stress hormones 
because they are often associated with stressful events, such as evading a predator 
(Martin 2009; Norris 2007; Sapolsky et al. 2000).  A stressful event can also be defined 
as a change in environment, reproductive status, or a disturbance.  Cortisol is necessary to 
facilitate reproduction and stimulate immunological activity (Demas et al. 2012; Dhabhar 
and McEwen 1997; Martin 2009; Norris 2007; Wingfield et al. 1998).  Nontheless, 
chronically high levels of cortisol caused by prolonged stress can have deleterious effects 
on reproduction and suppress immune function (Demas et al. 2012; Martin 2009; Nelson 
et al 2002; Sapolsky et al. 2000).  Sustained elevated cortisol levels can prevent 
pregnancy or result in low neonate birth weight (Nelson et al. 2002), and therefore lower 
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juvenile survival (Cameron 1994; Clutton-Brock et al. 1992; Cook et al. 2004; Festa-
Bianchet et al. 1995; Keech et al. 2000; Singer et al. 1997).  In addition, high cortisol 
levels during pregnancy can transfer to the fetus and compromise the neonate’s immune 
function or result in an underperforming immune system later in life (Martin 2009).   
We studied populations of Dall sheep (Ovis dalli dalli) in south central Alaska.  
Dall sheep are large ungulates that reside in highly seasonal environments throughout 
mountainous regions in Alaska and northwestern Canada.  They are considered a slow-
paced, capital breeder, investing in only one offspring per year, and rely on resources 
stored as fat during the growing season for survival through winter and to support 
gestation (Festa-Bianchet et al. 1996).  Anecdotal evidence based on population surveys 
over the past 20 years has suggested population declines in south central Alaska 
(Coltrane 2011).  Recent population evaluations in this area have discovered variable 
pregnancy rates (Lohuis 2010).  We wished to investigate intrinsic physiological 
processes that might provide insight explaining the population decline and fluctuating 
pregnancy rates.  Since a trade-off is expected between immune function and 
reproduction, we hypothesize that pregnancy would have a negative effect on constitutive 
immune function.  Based on that hypothesis we predict that pregnant individuals will 
have less bacteria killing ability than non-pregnant individuals, and pregnant individuals 
also will have lower inflammatory responses than non-pregnant individuals. 
High levels of cortisol may reduce reproductive success in two ways.  First, 
integrated long-term levels of cortisol may indicate elevated energy expenditure 
(Sapolsky et al. 2000).  As such, females with high energy expenditures in the autumn 
may have fewer resources to invest in reproduction.  Alternatively, high levels of cortisol 
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in the autumn may indicate chronic stress unrelated to energetics.  Because high, chronic 
stress levels suppress reproduction (Martin 2009; Sapolsky et al. 2000), high cortisol may 
lead to reduced reproduction regardless of energetic constraints. High cortisol levels may 
be especially pronounced in individuals that have successfully reproduced in two 
consecutive years (Clutton-Brock et al. 1982; Green and Rothstein 1993; Hogg et al. 
1992).  Since high cortisol levels can have negative effects on pregnancy status and 
neonate survival, we hypothesized that 1) non-pregnant individuals would have higher 
cortisol levels than pregnant individuals and 2) high cortisol levels within pregnant 
individuals would have a negative effect on birth weights of neonates.   
METHODS 
Study Area 
We focused on two populations in south central Alaska in the Chugach range. 
One population was within Alaska Department of Fish and Game’s game management 
unit 14C (hereafter GMU 14C) and the other within game management unit 13D 
(hereafter GMU 13D).  The units are ~76.5 km apart and separated by a few prominent 
glaciers (Fig. 2.1).  Dominant vegetation is similar in both study areas and varied with 
elevation from black spruce (Picea mariana) and alder (Alnus spp.) at lower elevations to 
short alpine forbs (e.g. mountain avens, Dryas octopetala) and grasses (e.g. alpine 
timothy, Phleum alpinum) at higher elevation.  Most of the sheep in the study resided 
between 914 m and 1,829 m in elevation.   
 GMU 14C lies within the Chugach State Park northeast of Anchorage and is 
comprised of 5 drainages and their surrounding ridges: Goat Creek, Eklutna, Peters 
Creek, Eagle River, and Ship Creek.  GMU 14C is bordered by Anchorage and the town 
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of Eagle River to the west, the Knik arm and river to the north, and the Turnagain arm to 
the south.  The total study area is approximately 800 km
2
.  Yearly average temperature 
was about 2.4°C, snowfall was 189.23 cm, and precipitation was 41.91 cm.   
GMU 13D is northeast of GMU 14C and lies between the Matanuska Glacier and 
Tazlina Lake and is bordered to the north-northwest by the Alaska State Highway 1.  The 
unit is comprised of mountain groups separated by prominent glaciers that limit 
movement within the study area: Powell, Nelchina, and Tazlina.  The total study area is 
approximately 925 square kilometers.  Average annual temperature is -2.17°C, snowfall 
is 143.76 cm, and precipitation is 41.33cm.   
Field Methods 
In 2012 and 2013 we captured sheep using standard helicopter and netgun 
technique (Krausman et al. 1985), and marked individuals with Telonics VHF 
radiotelemetry collars. We attempted to recapture the same individuals each year.  
Numbers of animals captured each year varied with changes in accessibility of animals 
and difficultly of terrain.  During capture, we collected blood samples (2012 and 2013 
field seasons) and hair (2013 only) samples to determine pregnancy status, immune 
function, and cortisol levels. We determined pregnancy by testing blood serum for the 
presence of pregnancy specific protein B (Keech et al. 2000; Noyes et al. 1997; Stewart 
et al. 2005).  We determined age of each individual by horn growth rings (Geist 1966).  A 
body condition score was assigned based on the amount of bony structural protrusions 
felt in the rump, spine, neck, and shoulders (Stephenson et al. 2002). Scores ranged from 
0 to 5 with 0 representing no subcutaneous fat and 5 representing individuals with 
substantial fat reserves (Stephenson et al. 2002).   All radio tagged animals were 
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monitored once to twice per week from March to early-May when parturition occurred.  
We attempted to monitor females every day during the birthing season (~ May 7 to June 
10) to detect and capture neonates.  If we definitively identified a neonate with a PSPB 
non-tested female, we included her in the pregnant population.  Neonates were captured 
on the ground on foot, collared with Telonics VHF radio collars, weighed (kg), and sex 
was determined.  Age in days was estimated based on umbilical cord presence and 
condition, pelage coloration, and mobility.  As neonates age the umbilical cord dries and 
usually has fallen off by 3 days of age.  At the time of birth, neonate pelage has a gray 
appearance and lightens with age.  In addition, Dall sheep neonates are precocial and 
quickly gain stability and mobility as days progress. We were often limited to capturing 
neonates between 0 and 5 days old because their mobility improved with age. 
We reduced monitoring to twice per week after June 10 until hunting season 
began on August 10.  We ceased monitoring sheep during hunting season (August 10- 
October 10).  Following the cessation of hunting season, we used aerial flights to monitor 
VHF frequencies once per month from November through February to determine if 
mortalities had occurred. Potential mortalities were assessed from the ground as soon as 
possible based on accessibility, weather, and ground conditions (avalanche danger).  We 
assigned cause of mortality based on the condition and location of the carcass, definitive 
visual cues (e.g. witnessing the predation event), and physical evidence on and 
surrounding the carcass.  All aspects of this research were approved by the Institutional 
Animal Care and Use Committee at the University of Nevada Reno (Protocol 2012-
00542) and Alaska Department of Fish and Game (Protocols #2009-13 and  #2012-024).  
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All methods were in keeping with protocols adopted by the American Society of 
Mammalogists for field research involving mammals (Sikes et al. 2011). 
Lab Methods 
The bacteria killing assay (BKA; Demas et al. 2011; French et al. 2010; Tieleman 
et al. 2005; Zysling et al. 2009) was used to determine bacteria killing ability.  The BKA 
tests the ability of constitutive components present in blood serum (phagocytes, 
complement and acute phase proteins, and natural antibodies) to eliminate a pathogen.  
We used E. coli (E
powerTM
 Microorganisms #0483E7, ATCC 8739, MicroBioLogics, St. 
Cloud, MN) in our assay and a 1:2 (100 µl of serum to 100 µl of media) dilution of serum 
samples. Killing of this strain of E. coli is complement dependent (Tieleman et al. 2005).   
Bactericidal capacity can vary greatly from species to species therefore to determine the 
optimal dilution ratio we ran a trial assay and serially diluted serum from 1:2 to 1:8.  
Samples and controls were run in triplicate.  Controls lacked serum and allowed bacteria 
to grow freely. Samples and controls were combined with 20 µl of working E. coli 
solution and spread on LB broth agar set in 100x15mm Petri dishes.  The assay was then 
incubated over night at 37°C.   Bactericidal capacity was calculated as the mean number 
of colonies for each sample divided by the mean number of colonies for each control and 
multiplied by 100 (French et al. 2010).   Greater bactericidal capacity results in fewer E. 
coli colonies and weaker bactericidal capacity results in more E.coli colonies. 
 We measured haptoglobin (Hp) levels (an acute phase proteins) to assess 
inflammatory response. Under normal conditions, Hp is present at low levels but 
increases when a pathogen is encountered (Delers et al. 1988; Matson et al. 2006).  We 
ran a trial assay of serial dilutions to determine proper dilution of serum to detect Hp. We 
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assessed Hp presence in raw serum samples (i.e. not diluted) using the Phase Range 
Haptoglobin Assay Cat. N. TP-801 (Second Generation; Tridelta Development Ltd., 
Maynooth, Ireland; Matson et al. 2012; Versteegh et al. 2012).  
Glucocorticoids are deposited in the hair proportional to its availability in the 
blood during pelage growth (Cone and Joseph 1996).  Dall sheep mating season occurs 
shortly after the onset of winter pelage growth in autumn and the pelage is maintained 
until molt begins in the late spring (Geist 1971; Nichols and Bunnel 1999).  Therefore, 
hair collected from adult females that were captured during March reflected cortisol 
present in the body during the breeding season. We collected hair from 44 individuals in 
2013.   
Cortisol levels were quantified in hair using a commercially available kit 
(Salametrics Salivary Cortisol EIA kit, product #1-3002; Davenport et al. 2006), 
following modifications for hair samples suggested by Davenport et al. (2006) and Koren 
et al. (2002).  To prepare hair for cortisol extraction, the hair was washed twice in 
isopropanol, dried, and ground to a powder using a ball mill (SPEX SamplePrep 8000M 
Mixer/Mill, Metuchen, New Jersey, USA).  Ground hair samples were ~0.05g and 
weighed to the nearest 0.0001 grams.  Samples were then washed in 1ml methanol, 
rocked for 24 hours, and centrifuged. About 0.6ml of sample was pipetted off the top into 
a new vial, dried on a heat block at 38°C under nitrogen, and reconstituted with 1040µl of 
a 95% assay diluent and 5% methanol mixture.  Reconstitution amount was determined 
after running a trial assay of serial dilutions for optimal cortisol detection.  The kit comes 





 To examine the effect of pregnancy status on bacteria killing ability, we 
transformed bacteria killing ability from percent to angular arcsine square root to satisfy 
assumptions of normality (Zar 2010).  We determine the effect of pregnancy status on 
bacteria killing ability and haptoglobin presence using general linear model by year (SAS 
9.3, Proc GLM; SAS Inst 2010).  We separated analyses by year because not all 
individuals were captured in both years.  We included study site and body condition score 
as main effects for both bacteria killing ability and haptoglobin concentration.  To 
account for senescence, we examined age as a predictor variable of bacteria killing ability 
and haptoglobin presence using linear regression weighted by sample size (Zar 2010).  
We did not find a relationship and therefore did not include it in the analyses.  
 To determine cortisol’s effect on pregnancy status (binomial response), we used 
logistic regression (SAS 9.3, Proc Logistic; SAS Inst 2010) and included study site and 
body condition score as dependent variables alongside cortisol.  We examined age as a 
predictor variable of pregnancy using logistic regression, did not find a relationship, and 
therefore did not include it in the analyses.  To determine neonate birth weight, we used 
linear regression to estimate weight gained per day and back calculated birth weight 
based on age and weight at capture.  The effect of cortisol on neonate birth weight was 
determined using analysis of covariance (ANCOVA; SAS 9.3, Proc GLM; SAS Inst. 
2010).  We included maternal age, body condition, and study site in addition to cortisol as 
explanatory variables.  
We assessed variation in pregnancy rates between years and study sites using the 
Z-test for proportions that allowed sampling with replacement to examine differences in 
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pregnancy rates between years and study sites (Zar 2010).  The Z-test was appropriate 
because we attempted to capture the same individuals each year.  No new animals were 
added to the study after the first year of capture. 
 RESULTS 
Immunocompetence 
 Mean bacterial killing ability was 74.01% ±27.36 for 2012 and 76.22 ±27.70 for 
2013.  We did not observe an effect of pregnancy on bacteria killing ability in 2012 
(F1,45=0.52, P=0.476).  Neither body condition (F3, 40=0.200, P=0.896) nor study site 
(F1,45=2.41, P=0.128) affected bacteria killing ability in 2012.  We also did not observe a 
relationship between body condition and bacteria killing ability in 2013 (F2, 41=0.690, 
P=0.5068).  In 2013, however, study site (F1,45=5.050, P=0.030) and pregnancy status 
(F1,45=3.19, P=0.081) combined influenced bacteria killing ability (overall model 
F2,45=3.99, P=0.026, Fig. 2.2).  Study site was the driving predictor in the equation; 
bactericidal capacity was significantly greater in GMU 14C than GMU 13D in 2013 (Fig. 
2.2a).  There was marginal support for a negative effect of pregnancy status on bacterial 
killing ability (Fig. 2.2b).   
Haptoglobin presence was not affected by pregnancy in either 2012 (F1, 41=0.45, 
P=0.506) or 2013 (F1, 45=1.16, P=0.287).  Nonetheless, haptoglobin presence was 
significantly greater in GMU 13D than 14C in 2013 (F1,46=4.64, P=0.037, Fig. 2.3).  
There was no effect of study site on haptoglobin in 2012 (F1,41=0.79, P=0.381).  Body 






Pregnancy status was not predicted by cortisol (P=0.732) in 2013 nor did we 
observe a relationship between pregnancy status and body condition (P=0.373) or study 
site (P=0.6028).  Maternal cortisol had a marginal negative effect on neonate birth weight 
(F1, 11=4.79, P=0.057, Fig. 2.4).  Adult age (F1, 11= 1.000, P=0.547), body condition (F1, 
11=2.70, P=0.146), and study site (F1, 11=1.14, P=0.317) did not explain birth weight of 
neonates.  
Capture Results and Pregnancy Rates 
In 2012 we captured 31 sheep in GMU 13D and 34 sheep in GMU 14C. In 2013 
we captured 26 sheep in GMU 13D and 22 sheep in GMU 14C. Ages varied from 2 to 11 
years and body condition ranged from 1.75 to 2.75. We caught 11 neonates born from our 
collared sheep in 2013.  Pregnancy rates in 2012 were 0.318 and 0.435 for GMUs 13D 
and 14C, respectively (0.378 overall).  Pregnancy rates in 2013 were 0.833 and 0.857 for 
GMUs 13D and 14C respectively (0.844 overall).  Pregnancy rates were significantly 
higher in 2013 than 2012 (Z=4.31, P<0.0001, Fig. 2.5) but did not differ between study 
sites in either year (2012: Z=0.503, P=0.615; 2013: Z=-0.092, P=0.927, Fig. 2.5).  
DISCUSSION 
We found a modest impact of pregnancy on bacteria killing capacity in 2013, 
despite a small sample of non-pregnant females that year.  Though pregnancy by itself 
marginally influenced bacteria killing ability in 2013, however, when paired with study 
site, there was a significant influence. Other studies also found that as pregnancy 
progressed, constitutive immune defense declined (Coe 2012; Demas and Nelson 2012; 
Murphy et al. 2008; Robinson and Klein 2012). We did not find an effect of pregnancy 
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on haptoglobin levels, but, like bacteria killing ability, study site predicted levels in 2013.  
Bactericidal capacity was greater in GMU 14C than in GMU 13D, while haptoglobin 
levels were higher in GMU 13D than in GMU 14C.  The difference in bacteria killing 
ability and haptoglobin levels could be the result of different pathogen populations and 
lodes between the two study sites.  The sheep population in GMU 14C may have more 
history with pathogens that require greater bacteria killing ability whereas the sheep 
population in GMU 13D has more history with pathogens that require greater 
inflammatory responses.  Pathogens themselves fluctuate in response to environmental 
conditions (Wobeser 2010).  Overall, our results indicate extrinsic factors are playing a 
greater role on immune function than intrinsic factors. 
We did not observe an effect of cortisol on pregnancy status; however Dall sheep 
must be equipped to survive in highly seasonal conditions and may, therefore, have a 
wide breadth of cortisol tolerance for breeding success.  Nonetheless, we observed a 
negative trend between maternal cortisol and birth weight of neonates.  Low birth weight 
has been linked to low survival of young as well as low fecundity in adulthood (Gaillard 
et al. 2000).  In highly seasonal environments, like Alaska, young with low birth weight 
have rarely been found to catch up with the larger individuals in their cohorts (Hamel et 
al. 2009; Montieth et al. 2009).  In addition, mountain sheep appear to continue 
reproductive effort from the onset of reproductive maturity until death (Bérubé et al. 
1999; Nichols 1978), therefore cortisol may have little effect on getting pregnant and 
more impact on the developing fetus, as our results suggest. 
The greater proportion of individuals pregnant in 2013 compared with 2012 may 
have affected our results regarding the effects of pregnancy on constitutive immune 
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function and cortisol on pregnancy.  Our results may have reflected latent effects of the 
low 2012 pregnancy rates.  Since few individuals were pregnant, there were few maternal 
trade-offs in 2012.  Indeed, we did not find an effect of pregnancy on immune function in 
2012 which could potentially be the result of immune function not having to compensate 
for competing resources with reproduction.  Heterogeneity may also explain why we did 
not see a trade-off in the few females that were pregnant.  Matson et al. (2006) did not 
observe a trade-off between innate and adaptive immune function in waterfowl but 
instead observed a wide breadth of individual variation.  Morano et. al (2013) observed 
female elk (Cervus elaphus) were able to continue reproduction in consecutive years if 
body condition were maintained above a certain threshold.  Individuals able to keep a 
high reproductive success rate may also be able to keep other physiological aspects on a 
high plane of function.   
Since there were few maternal trade-offs in 2012 going into the breeding season, 
cortisol may not have affected the ability to become pregnant. The majority of females in 
2012 did not face the stressors of rearing young through the growing season and could, 
therefore, build sufficient fat reserves to secure survival and gestation through the 
upcoming winter.  Females in autumn 2012 were, therefore, likely in better condition to 
conceive and maintain pregnancy through the winter resulting in the high pregnancy rate 
of 2013.  Nonetheless, maintaining pregnancy and fetal development are not equivocal.  
The cortisol levels present may not have breached a threshold to affect pregnancy rates, 
but may have been enough to affect fetal development. 
 Dall sheep are adapted to cold environments that may limit pathogen presence and 
therefore investment in immune function may not be a high priority.  Our results suggest 
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extrinsic factors (study site) are playing a larger role in immunocompetence rather than 
intrinsic factors (reproduction).  Research has predicted climate change to be more 
prevalent in the northern latitudes (Hinzman et al. 2005; Post 2009) and this may have a 
profound effect on both stress levels and immunocompetence in the future as pathogens 
move north with more favorable climates and seasons shift.  Our results may act as 
baseline information for climatic changes to come. 
Population dynamics and physiological health are often evaluated in terms of 
survival and reproduction.  While these are important attributes explaining population 
trends, they do not explain the mechanistic underpinnings as to why the trends are 
occurring.  Our results demonstrate the need for large, long-term data sets for large 
mammals in order to detect patterns in immune function and cortisol and how each relate 
to reproduction and overall population trends.  Our cortisol results especially point out 
the need for understanding latent effects of pregnancy and potential repercussions on 
young. 
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FIGURE 2.1.  Map of study areas 14C and GMU 13D in the Chugach Range, AK.  Anchorage is within the black circle.  The 




FIGURE 2.2.  Mean (±SE) bacteria killing ability for study sites (a) and pregnancy status (b) in female Dall sheep in the 
Chugach Range, AK, 2013.  Study site and pregnancy status best predicted bacteria killing ability (overall F2,45=3.99, 







FIGURE 2.3.  Mean (±SE) haptoglobin present in female Dall sheep serum in study sites GMU 13D and 14C in the Chugach 




FIGURE 2.4.  Effect of maternal cortisol levels on Dall sheep neonate birth weight (n=11) in the Chugach Range, AK, 2013.  




FIGURE 2.5.  Dall sheep pregnancy rates for years 2012 and 2013 (Z=4.31, P<0.0001) and study sites (2012 Z=0.503, 
P=0.615; 2013 Z=-0.092, P=0.927) in the Chugach Range, AK.  Letters over bars indicate results of comparisons following a 




Understanding demographic processes and underlying extrinsic and intrinsic 
factors that affect such processes are important to properly manage big game species and 
project future population trends.  I demonstrated the ability to detect relationships 
between weather and trends in reproductive output using survey data.  Winter length and 
timing of onset of vegetative growth in the spring negatively affected reproductive 
output, resulting in few young relative to the number of adult females.  Long winters 
leave more potential for late winter weather events that could disrupt parturition 
(Rachlow and Bowyer 1991), and often result in late springs, delaying vegetative growth 
when animals are at their lowest body condition.  The onset of vegetative growth is when 
forage is highest in nutritional value (Albon and Langvatn 1992; Klein 1990; Van Soest 
1982).  A delay in onset of the growing season may, therefore, result in females being 
unable to meet the costs of late gestation and lactation.  I had marginal support for 
growing season length (positive effect) and snowfall (negative effect).  Normalized 
difference vegetation index (NDVI) variables, my indicators of plant productivity, were 
modeled separately from my weather models because of high correlation between 
variables and the time frame of available data.  I had marginal support for growth onset 
predicted by NDVI (negative effect), peak NDVI value (positive effect), and peak date 
(positive effect).  
Capture work results revealed differences in pregnancy and adult survival rates 
between 2012 and 2013.  The primary causes of adult mortality were avalanches and 
predation.  In 2013, all mortalities coincided with late winter weather.  The difference in 
pregnancy rates suggests reproductive trade-offs, however I did not have sufficient data 
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to confirm this to be the case.  There was no difference in juvenile survival rates between 
years.  Predation was the leading cause of juvenile mortality.   
To relate physiological health with population demographics, I related cortisol 
and constitutive immune health with pregnancy rates.  Pregnancy status did not have an 
effect on immunocompetence in 2012, but in 2013, there was marginal support 
suggesting pregnancy reduced bacteria killing ability.  Study site was the best predictor 
variable for immunocompetence, indicating external pressures, such as weather, forage 
availability, or pathogen presence, likely influenced physiological functions.  I did not 
observe a relationship between cortisol and pregnancy status, but there was marginal 
support indicating an inverse relationship between maternal cortisol and neonate birth 
weight.  Nonetheless, the greater proportion of individuals pregnant in 2013 than in 2012 
may have affected our results.  Since few individuals were pregnant in 2012, there were 
few maternal trade-offs.  Most of females in 2012 were not pregnant and therefore did not 
need to trade-off, immune function with resources for reproduction.  Those females also 
did not have of the increased energetic costs of rearing young, and therefore cortisol may 
not have affected the ability to become pregnant the following mating season.  
Nonetheless, maintaining pregnancy and fetal development are not equivocal.  The 
cortisol levels present may not have breached a threshold to affect pregnancy rates, but 
may have been enough to affect fetal development. 
To my knowledge there is sparse research linking physiological health to 
population demographics in large herbivores.  Population dynamics and physiological 
health are often evaluated in terms of survival and reproduction.  While these are 
important attributes explaining population trends, they do not explain the mechanistic 
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underpinnings as to why the trends are occurring.  My results demonstrate the need for 
large, long-term data sets for large mammals in order to detect patterns in physiological 
responses, extrinsic factors, and population trends.   
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